Abstract. The purpose of this present study was to evaluate the antiangiogenic activity of sterically stabilized liposomes containing paclitaxel (SSL-PTX). The SSL-PTX was prepared by the thin-film method. The release of paclitaxel from SSL-PTX was analyzed using a dialysis method. The effect of SSL-PTX on endothelial cell proliferation and migration was investigated in vitro. The antitumor and antiangiogenic activity of SSL-PTX was evaluated in MDA-MB-231 tumor xenograft growth in BALB/c nude mice. The release of paclitaxel from SSL-PTX was 22% within 24 h. Our in vitro results indicated that SSL-PTX could effectively inhibit the endothelial cell proliferation and migration at a concentrationdependent manner. We also observed that metronomic SSL-PTX induced marked tumor growth inhibition in MDA-MB-231 xenograft model via the antiangiogenic mechanism, unlike that in paclitaxel injection (Taxol) formulated in Cremophor EL (CrEL). Overall, our results suggested that metronomic chemotherapy with low-dose, CrEL-free SSL-PTX should be feasible and effective.
INTRODUCTION
Maximum tolerated dose (MTD) chemotherapy is a common strategy which directly kills tumor cells by cytotoxic drugs (1) . However, this regimen shows toxic side effect by resting for a long time to recover before next administration (2) . Recently, metronomic chemotherapy has been reported as an alternative strategy to MTD protocol (3, 4) . Metronomic delivery or frequent administration of drugs at doses much lower than MTD have antiangiogenic properties and may be more effective (5) . This metronomic regimen could maximize the growth-limiting effects on the tumor vasculature. The advantage of metronomic strategy is lower toxicity and risk of emergence of drug-resistant tumor cells compared with MTD administration (6) .
Paclitaxel is a potent cytotoxic agent that is widely used against various refractory and metastatic malignancies. It appears to be a strong candidate for metronomic chemotherapy given its ability to inhibit endothelial cell functions relevant to angiogenesis in vitro at extraordinarily low concentrations (7) . Unfortunately, clinically relevant concentrations of the formulation vehicle Cremophor EL (CrEL) in Taxol (commercial paclitaxel injection product, Squibb Co., Princeton, NJ, USA) were previously reported to nullify the antiangiogenic activity of paclitaxel (8) .
There are a variety of nanoparticle carrier systems currently being explored for cancer therapeutics. The types of them currently used in research for cancer therapeutic applications include liposomes, polymeric nanoparticles, micelles, protein nanoparticles, viral nanoparticles, and metallic nanoparticles (9) . Although many CrEL-free paclitaxel nanoparticle carrier systems have been developed, efforts were only focused on removing the use of CrEL to decrease the hypersensitive side effect or to improve the pharmacokinetic behavior of paclitaxel. Their antiangiogenic efficacy in metronomic administration has not been considered.
Among the aforementioned carrier systems, liposome has been used as one of the promising approaches since the association of drugs with lipid carrier results in a dramatic improvement of the pharmacokinetics of the drug, resulting in reduced toxicities and improved therapeutic efficacies (10) . It has been reported that liposomal paclitaxel improved its solubility and showed similar in vitro cytotoxicity against a variety of tumor cell lines compared to that of Taxol (11). However, a major drawback of conventional liposome is its rapid uptake and accumulation by phagocytic cells of the mononuclear phagocyte system (reticuloendothelial system or RES) after systemic administration (12) . Grafting of the liposome with the inert and biocompatible polymer polyethylene glycol (PEG) leads to the formation of a protective, hydrophilic layer on the surface of the liposome. This modification prevents the recognition of liposome by opsonins and therefore reduces their clearance by cells of the RES (13) . The PEGylated liposome is therefore often referred to as sterically stabilized liposome (SSL). Using PEGylated phospholipids, the apparent terminal half-life of such long-circulating liposome can be extended in humans from a timescale of minutes to days (14) . It has been reported that SSL could spontaneously accumulate in solid tumors via the enhanced permeability and retention (EPR) effect through the passive targeting mechanism (15) . Now, sterically stabilized liposomes containing paclitaxel (SSL-PTX) has been reported (16) (17) (18) . The pharmacokinetic and antitumor efficiency of this SSL-PTX has been evaluated. However, the antiangiogenic efficacy of SSL-PTX in metronomic administration was still unclear.
Albumin-bound paclitaxel ABI-007 (Abraxane®; Abraxis BioScience and AstraZeneca) is a novel, albumin-bound, 130-nm particle formulation of paclitaxel, free from any kind of solvent (19) . This formulation is prepared by high-pressure homogenization of paclitaxel in the presence of serum albumin, resulting in a nanoparticle colloidal suspension. The albumin concentration is 3-4%, which is similar to the albumin concentration in the blood (20) . Preclinical studies have demonstrated that ABI-007 has a higher penetration into tumor cells with an increased antitumor activity, compared with an equal dose of standard paclitaxel (21) . ABI-007 has been approved by the US Food and Drug Administration for pretreated metastatic breast cancer patients. It is of interest that the antiangiogenic activity of ABI-007 has been confirmed in metronomic chemotherapy (22) .
Considering the results of antiangiogenic activity obtained from ABI-007, we hypothesize that the CrEL-free SSL-PTX may also render paclitaxel-based antiangiogenic activity in metronomic chemotherapy. To test this hypothesis, the antiangiogenic activity of SSL-PTX was evaluated in vitro and in vivo. 
MATERIALS AND METHODS

Materials
Cell Line
Human breast cancer cells, MDA-MB-231 (Institute of Basic Medical Sciences, Chinese Academy of Medical Sciences, Beijing, China), were cultured in L-15 media (M&C Gene Tech Co., Ltd, Beijing, China) with 10% fetal bovine serum (Sijiqing Biological Engineering Materials Co. Ltd, Beijing, China) and maintained in a humidified atmosphere containing 5% CO 2 at 37°C.
Human umbilical vein endothelial cells (HUVEC) were isolated from umbilical cords (Haidian Maternal and Child Health Hospital, Beijing, China) as previously reported (23) . Briefly, culture medium consisted of M 199, containing 20% (v/v) newborn calf serum and 5% (v/v) pooled human serum with 2 mM L-glutamine. Cells were plated onto plates precoated with 0.02% (w/v) gelatin with a medium change after 24 h and every 2 days thereafter until confluent. Primary cultures of HUVEC were harvested by incubation with 0.05% trypsin and 0.02% EDTA, and the cells were collected.
Animals
Female BALB/c nude mice were purchased from the Academy of Military Medical Sciences (Beijing, China) at 6 weeks of age (initially weighing 20-25 g). All of the animal experiments adhered to the principles of care and use of laboratory animals and were approved by the Institutional Animal Care and Use Committee of Peking University.
Preparation of SSL-PTX
The SSL-PTX, composed of S 100 PC, cholesterol, and mPEG 2000 -DSPE in the molar ratio of 90:10:5, was prepared by a thin-film hydration method, as described previously (16) (17) (18) . Briefly, the mixture of paclitaxel, S 100 PC, cholesterol, and mPEG 2000 -DSPE was dissolved in chloroform and dried by an RE52 rotary evaporator (Shanghai Yarong Biochemistry Instrument Company, China) in a round-bottom flask at 40°C. The lipid film was flushed with nitrogen gas for 5 min and maintained overnight in a desiccator to remove traces of chloroform. The resulting thin-film was then hydrated in phosphate buffer saline (PBS, pH 7.4) by vortex and sonicated using a bath type sonicator at 50°C for 30 min to form the liposome suspensions. The liposome suspensions were purified by centrifuging at 1,000 rpm for 10 min and then passing through 0.2-µm pore size membrane to remove unentrapped paclitaxel. Then, the final SSL-PTX was obtained.
Characterization of SSL-PTX
The particle sizes and zeta potential of SSL-PTX were measured by photon correlation spectroscopy using Malvern Zeta sizer 3000 HS (Malvern, UK) at 25°C.
In Vitro Release of Paclitaxel from SSL-PTX
The release of paclitaxel from SSL-PTX was investigated using a dialysis method. Briefly, a volume of 0.2 ml of each SSL-PTX or Taxol (1 mg/ml) was placed into a dialysis tube (MWCO 7000) and was tightly sealed, respectively. Then, the dialysis tube was immersed in 200 ml of release medium (PBS (pH 7.4) containing 0.1% (v/v) Tween 80) and incubated in an orbital shaker for 24 h at room temperature. Samples (0.5 ml) were taken at predetermined time intervals from the release medium for 24 h, which was refilled with the same volume of fresh medium. The concentration of paclitaxel was determined by high-performance liquid chromatography (HPLC) after appropriate dilution with acetonitrile without further treatment.
Endothelial Cell Proliferation
The effect of SSL-PTX on endothelial cell proliferation was analyzed with the SRB assay as described previously (24) . Briefly, HUCEC were seeded into 96-well plates at 5× 10 3 cells per well and allowed to attach for 48 h. Then, HUVEC were exposed to various concentrations of paclitaxel in SSL-PTX (0.5-10 nM). After incubation for 48 h at 37°C, cells were fixed with trichloroacetic acid, washed, and stained with SRB. After shaking, the absorbance at 540 nm was recorded using a 96-well plate reader (Bio-Rad, 680, America). The survival percentages of HUVEC were calculated using the following formula: variability % ¼ 1 À A 540nm for the treated cells=A 540nm for the control cells ð Þ Â100 , where A 540nm is the absorbance value. Each assay was repeated with a minimum of three times; there were quadruplicate determinations per dose level.
Migration Assay
The migration assay used was a monolayer denudation assay as described by Marcel et al. (25) . Briefly, confluent HUVEC in 24-well plates (Costar, America) were mechanically "wounded" by scraping away a swath of cells with a pipette tip and denuding a strip of the monolayer 300 μm wide. Variation in the wound width within experiments was approximately 5%. Endothelial monolayers were washed twice with D-hanks solution to remove wound-derived loose and dislodged cells and incubated in media supplemented with SSL-PTX (0.01-10 nM). Control HUVEC cultures only received media alone. The extent of wound closure was observed and photographed after 24-h incubation. The effect of SSL-PTX on the progression of endothelial cell migration was represented by the wound width which was measured in six areas and compared with the untreated wound width at 0-h time point.
In Vivo Antitumor Efficacy MDA-MB-231 cells were resuspended in serum-free cell culture medium. Approximately 4×10 6 MDA-MB-231 cells (100 μl) were subcutaneously injected into the armpits of the female BALB/c nude mice. Once tumor masses in xenografts reached to 150 to 200 mm 3 in volume, mice were randomly assigned to five groups (five to six animals for each group). Each group was treated with physiological saline, MTD Taxol (15 mg/kg, i.v., qd×4), MTD SSL-PTX (15 mg/kg, i.v., qd×4), metronomic Taxol (6 mg/kg, i.v., five consecutive days and repeated second time with 6-day interval), and metronomic SSL-PTX (6 mg/kg, i.v., five consecutive days and repeated second time with 6-day interval), respectively. For the administration at each time, formulations were given to mice via tail vein in each group. The total dose of paclitaxel in all treatment groups was 60 mg/kg. Throughout the study, mice were weighed, and tumors were measured with a caliper every 2 days. Tumor volumes were calculated by the formula: V ¼ length cm ð ÞÂwidth cm 2 À Á Â 0:5236 . Once animals in any group seemed moribund, all animals in the experiment were sacrificed, and then tumors were harvested. The harvested tumors were fixed in a formalin solution and paraffinembedded for immunohistochemical analysis.
Assay of In Vivo Angiogenesis
CD31 staining was used to identify the microvessel density (MVD) in the tumor tissues by immunohistochemical method. Briefly, after paraffin-embedded tissue sections (5 µm thick) were deparaffinized in xylene and rehydrated in alcohol, sections were incubated in 0.3% H 2 O 2 to block endogenous peroxidase activity. Each slide was incubated with normal goat serum for 20 min at room temperature and then incubated in the primary antibody at 4°C overnight. After incubation with the secondary antibody, biotinylated for 30 min at 37°C, each slide was rinsed in PBS and was incubated in the avidin-biotin peroxidase complex for 30 min at 37°C. The peroxidase was visualized with 3-3′-diamino-benzidinetetrahydrochloride solution and then counterstained with hematoxylin. MVD was assessed according to the international consensus report. Immunostained slides were scanned at ×100 magnification to identify the areas with the highest number of vessels (so called "hot spot"). Counts were performed on ten fields in the hot spot by two independent pathologists at ×400 magnification, and the mean was analyzed.
HPLC Analysis of Paclitaxel
The concentration of paclitaxel in SSL-PTX was determined by an HPLC method (26) by Waters HPLC system consisting of a 1525 pump and a 2487 ultraviolet detector (Waters Co. Inc., Westerville, OH, USA). Mobile phase consisted of methanol-water-tetrahydrofuran (67.5:30:2.5, v/v/v) and was delivered at a flow rate of 1 ml/min. Chromatographic separation was performed on a Phenomenex ODS 3 column (250×4.6 mm, 5 μm, Torrance, CA, USA). Wavelength was set at 230 nm.
Statistical Analysis
Data are presented as the mean ± standard deviation (SD). One-way analysis of variance was used to determine significance among groups, after which post hoc tests with the Bonferroni correction were used for comparison between individual groups. Statistical significance was established at p<0.05. Fig. 2 . Effects of SSL-PTX on HUVEC proliferation. The HUVEC were incubated in the absence or in the presence of SSL-PTX at different concentrations and harvested 48 h later. The proliferation of HUVEC was assessed by SRB method to calculate the proliferation variability rate (%). Values present the mean ± SD (n=6). ** p<0.01, vs vehicle as control Fig. 3 . Migration assay. Wound assay was done to determine whether SSL-PTX inhibits HUVEC migration. After treatment with various concentrations of SSL-PTX, HUVEC were allowed to migrate into the denuded area for 24 h. HUVEC migration was visualized by light microscopy. a Typical photomicrographs (final magnification, ×25) were shown in unwounded, untreated in 0 hour, untreated in 24 h, and SSL-PTX treated in 24 h at the concentration of 10 nM. b Percentage of wound width which is measured in denuded areas at 24 h compared with the untreated wound width at 0-h time point versus SSL-PTX concentration. **, p<0.01, vs untreated as control
RESULTS
Characterization of SSL-PTX
The particle size of SSL-PTX was approximately 93.70 nm with the polydispersity of 0.23. The value of zeta potential of SSL-PTX showed a slightly negative charge (−0.73 mV). The entrapment efficiency of SSL-PTX was 90.68±2.36% (n=3).
In Vitro Release of Paclitaxel from SSL-PTX
In the in vitro release study, paclitaxel in Taxol released rapidly and was almost completed within 24 h. However, the SSL-PTX released 22% of paclitaxel within 24 h of dialysis at room temperature (Fig. 1) .
Endothelial Cell Proliferation
To determine the effects of SSL-PTX on endothelial cell proliferation, HUVEC were treated with SSL-PTX for 48 h. HUVEC proliferation was determined by the SRB method. The results indicated that HUVEC proliferation was significantly inhibited by SSL-PTX (p<0.01), as shown in Fig. 2 . The values of antiproliferative ratio (100%−variability%) at 5 and 10 nM were 32% and 26%, respectively. In addition, blank SSL did not affect HUVEC proliferation (data not shown).
Endothelial Cell Migration
Migration of HUVECs was analyzed in the wound assay. The wounded HUVEC monolayers were incubated with SSL-PTX. The degree of wound closure was assessed after 24-h Fig. 4 . Tumor growth inhibition with MTD and metronomic paclitaxel formulations. MDA-MB-231 cells were implanted in the nude mice on the zeroth day, and the treatment was started on the 11th day when the tumor volume reached 150-200 mm 3 . The regimen of MTD treatment was administering Taxol or SSL-PTX (15 mg/kg) on the 11th, 15th, 19th, and 23 rd day, respectively. For metronomic treatment, Taxol or SSL-PTX (6 mg/kg) was administered from the 11th to 15th days and from the 22nd to 26th days, respectively. On the 32nd day, one of five mice in the control group began to seem moribund; thus, all nude mice were sacrificed, and the tumor was harvested. Data (change ratio for tumor volume (%)) are presented as the mean ± SD per group measured at indicated days after treatment (n=5). **, p<0.01, vs control treatment group at the 32nd day; † †, p<0.01, vs metronomic Taxol treatment group at the 32nd day incubation, as shown in Fig. 3a . Untreated HUVEC migrated into the denuded areas, filling the wound by 84.2±4.3%. In SSL-PTX treatment group, few migrated HUVEC were observed in the denuded areas (Fig. 3a) . In this model, SSL-PTX significantly inhibited migration of HUVEC into the wounded area at a concentration-dependent manner (p< 0.01), as shown in Fig. 3b . Wound closure was inhibited by 54.8±8.1% at the concentration at 0.01 nM. At the highest concentration (10 nM), the value of inhibited ratio was 20.8± 3.9% compared with untreated HUVEC group as a percentage of control wound width (17.5% vs 84.2%).
In Vivo Antitumor Activity Figure 4 describes the therapeutic efficacy of paclitaxel formulations against MDA-MB-231 human cells in vivo. Compared to the control group administered as physiological saline, the tumor growth was significantly inhibited in all treatment groups (p<0.01), but the exerted effect varied. For MTD treatment, there were no significant differences in tumor growth inhibition between the Taxol group and the SSL-PTX group. For metronomic treatment, tumor growth inhibition in SSL-PTX group was significantly evident compared with that in Taxol group (p<0.01). In fact, tumor growth inhibition in metronomic Taxol group was much lower than that in other three treatment groups (p<0.01). When comparing the tumor growth inhibition among the MTD Taxol, MTD SSL-PTX, and metronomic PTX-SSL groups, there were no significant differences observed. In addition, there was no significant weight loss observed between treatment groups and control group (data not shown).
In Vivo Angiogenesis
To evaluate whether reduced angiogenesis accounts for the suppressed in vivo growth of MDA-MB-231 cells, MVD was assessed by immunohistochemistry. As shown in Fig. 5a , microvessels were easily observed by CD31 staining. There were few microvessels observed in the metronomic SSL-PTX treatment group. Statistics analysis showed significantly less MVD present in the MTD treatment group of Taxol (15.2± 3.3) and SSL-PTX (11.6±2.1) compared to the control group (24.2±3.9; p<0.01), as shown in Fig. 5b . The value of MVD in metronomic Taxol treatment group (19.8±1.8) was slightly lower than that in control group with no significant difference (p>0.05). However, significantly less MVD was shown in the metronomic SSL-PTX treatment group (5.2±1.3) compared to the control group (p<0.01). In addition, metronomic SSL-PTX group reduced MVD more remarkably compared with other treatment groups (p<0.05 or p<0.01).
DISCUSSION
Our results show that metronomic chemotherapy with SSL-PTX exhibits potent antiangiogenic activity in vivo. It has been reported that paclitaxel in DMSO solution suppressed rat aortic angiogenesis and HUVEC proliferation (8) . Similar results were also confirmed in CrEL-free ABI-007 (22) . In the present study, SSL-PTX induced responses similar to that in paclitaxel DMSO solution and ABI-007, indicating that the antiangiogenic property of paclitaxel was effectively delivered by CrEL-free SSL-PTX. For metronomic Taxol treatment group, tumor growth inhibition was significantly lower than that of other three treatment groups (p<0.01). Considering the previous reports, this may be due to CrEL results nullifying the antiangiogenic effect (8, 22, 27) . Therefore, our results confirm that the formulation vehicle of liposome in SSL-PTX could not affect the antiangiogenic activity of paclitaxel.
The results of immunohistochemistry indicated the antiangiogenic effect of metronomic SSL-PTX in vivo. We also observed the antiangiogenic effects in MTD treatment group, but this effect was much lower than that in metronomic SSL-PTX treatment group (p<0.05), as shown in microvessel density assessment. These results indicate that frequent administration of SSL-PTX, at doses lower than MTD, has antiangiogenic properties that block the blood supply and may be more effective in suppressing tumor growth in vivo. However, for metronomic Taxol treatment group, there were no significant differences compared to control group, indicating that CrEL might nullify its antiangiogenic activity, as described in previous reports.
Angiogenesis is an important factor in the progression and enlargement of solid neoplasms and has a close relation to invasion and metastases. The proliferation of endothelial cell plays a key role in tumor angiogenesis. For this reason, many studies have focused on antiangiogenesis or target endothelial cell receptors, such as paclitaxel encapsulated in cationic liposomes (28) (29) (30) (31) (32) (33) . Paclitaxel encapsulated in cationic liposomes significantly inhibits tumor growth by a significant reduction of functional tumor microcirculation and induction of endothelial cell apoptosis. In addition, the antiangiogenic activity of CrEL-free ABI-007 has been also confirmed in metronomic therapy. Our results indicate that this antiangiogenic activity can also be obtained by simply administrating CrEL-free SSL-PTX in metronomic therapy.
Several studies have demonstrated that paclitaxel can efficaciously affect endothelial cells at ultralow concentrations. Paclitaxel can disturb most of the endothelial cell functions involved in angiogenesis, since they can inhibit endothelial cell proliferation, motility, and migration (8) . Our in vitro results indicate that SSL-PTX could effectively inhibit the endothelial cell proliferation and migration at a concentration-dependent manner. These results are similar with that obtained from ABI-007 (22) .
Because paclitaxel is extremely insoluble in water as well as in other vehicles commonly used in parenteral dosage forms, the current Taxol formulation consists of paclitaxel solubilized in 50:50 (v/v) CrEL and dehydrated alcohol. CrEL provokes formation of micelles, which entrap paclitaxel and carry it in the systemic circulation, thereby reducing the free drug fraction available for cellular partitioning (34, 35) . We suggest that this is a possible reason for nullifying the antiangiogenic activity of paclitaxel. Our in vitro release results indicate that the paclitaxel in Taxol released rapidly and completely (Fig. 1) . However, we suggest that this paclitaxel was still entrapped within CrEL micelles, not the free drug. On the contrary, paclitaxel released from SSL-PTX was in free drug form, according to the previous literature (36) .
Liposome represents a mature, versatile technology with considerable potential for entrapment of both lipophilic and hydrophilic drugs (37) . In addition, liposome is relatively nonimmunogenic and easy to prepare (and employ) for largescale manufacturing (38) . There are several commercially available liposomal products for treatment of a number of neoplastic and infectious diseases (39) . However, one of the major drawbacks of the liposomal formulation is its rapid clearance from blood by the RES. This rapid elimination can limit its overall effectiveness (38) . Fortunately, when the surface of the liposome was modified with a flexible hydrophilic polymer such as PEG, the uptake by RES could be retarded. This results in the increase of the biological half-life and the spontaneous accumulation of liposome in solid tumor via the "EPR" effect through the passive targeting mechanism. It has been reported that SSL could accumulate in the tumor perivascular space, near the tumor vessels, but not directly associate with the vessel wall following intravenous administration (40) . Therefore, we suggest that the paclitaxel which is released from SSL-PTX, like paclitaxel in solution, may render paclitaxel-based antiangiogenic activity.
CONCLUSION
In summary, we have shown that the CrEL-free SSL-PTX is a viable and effective drug carrier system for metronomic chemotherapy. Our in vitro results indicated that SSL-PTX could effectively inhibit the endothelial cell proliferation and migration at a concentration-dependent manner. We also observed that metronomic SSL-PTX inhibited tumor growth in MDA-MB-231 xenograft model via the antiangiogenic effect. Overall, our results suggest that metronomic chemotherapy with low-dose, CrEL-free SSL-PTX should be feasible and effective.
